Objectives: Candida albicans is a common cause of nosocomial urinary tract infections (UTIs) and is responsible for increased morbidity and healthcare costs. Moreover, the US Centers for Medicare & Medicaid Services no longer reimburse for hospital-acquired catheter-associated UTIs. Thus, development of specific approaches for the prevention of Candida urinary infections is needed. Cranberry juice-derived proanthocyanidins (PACs) have efficacy in the prevention of bacterial UTIs, partially due to anti-adherence properties, but there are limited data on their use for the prevention and/or treatment of Candida UTIs. Therefore, we sought to systematically assess the in vitro effect of cranberry-derived PACs on C. albicans biofilm formation in artificial urine.
Introduction
Candida albicans is a major human fungal pathogen and one of the most common causes of nosocomial urinary tract infection. 1 Candiduria is common in hospitalized patients and, although often asymptomatic and of unknown clinical significance, candiduria is still associated with increased morbidity and mortality. 1, 2 In rare cases, candiduria has been associated with the subsequent development of candidaemia, an infection associated with high rates of morbidity and mortality. 1 -4 Three major classes of antifungal drugs are currently available for use against Candida infections, but each class has notable limitations, particularly against candiduria. 5 Azoles are the most commonly used antifungal for the treatment of C. albicans infections, but are fungistatic and poorly active against biofilms. 6 -8 Echinocandins are highly active against C. albicans, but generally do not achieve clinically useful concentrations in the urinary tract. 9 Amphotericin B has significant toxicities and poor aqueous solubility. 10 In part due to these limitations, the mortality, morbidity and cost of care due to candiduria and candidaemia remain high. 1, 4 Therefore, the search for alternative treatments and preventive approaches is warranted. 11 A major component of C. albicans pathogenesis is the ability to form biofilms on both biotic and abiotic surfaces. 8, 12 Unlike their planktonic counterparts, fungal organisms embedded in biofilms undergo phenotypic changes that protect them from the local microenvironment and the host immune system. The formation of biofilms is also associated with increased drug resistance. Although the role of biofilm formation in candiduria is less well understood than on mucosal surfaces and in bloodstream infections (i.e. central venous catheters), C. albicans clinical isolates from patients presenting with candiduria form strong biofilms in artificial urine (AU) in vitro. 6 Further, C. albicans has been shown to form biofilms in indwelling catheters in an in vivo murine model of catheterassociated candiduria 13 and biofilms have been observed on infected urinary catheters in vivo.
14 The initial stage of biofilm formation occurs when yeast cells adhere to the substrate material, a process mediated both by abiotic factors, such as surface hydrophobicity, and biotic factors, such as increased expression of adhesins and other cell-surface proteins. 12 Therefore, the inhibition of adherence by C. albicans is a promising target for disrupting the initial stages of biofilm formation in C. albicans.
Cranberry juice has been touted as a safe, alternative therapy against bacterial urinary tract infections for centuries. Further, the preventative value of cranberry juice against Escherichia coli urinary tract infections has been demonstrated clinically 15 -17 and the anti-adherence quality of cranberry juice extract against E. coli has been studied extensively. 18 -22 Specifically, A-type proanthocyanidins (PACs) isolated from cranberries have been implicated in the anti-adherence properties of cranberry juice. 18 The effect of cranberry PACs on E. coli adherence is not substrate specific; cranberry PACs decrease E. coli adherence to uroepithelial and vaginal epithelial cells, 19 as well as to non-biological materials such as PVC and polytetrafluoroethylene. 20 Ingestion of cranberry PACs has also been shown to decrease virulence due to E. coli in an in vivo Caenorhabditis elegans model. 21 Interestingly, cranberry PACs have both non-biospecific activity against adherence, perhaps due to steric hindrance, 20 and biospecific activity against adherence, including decreased expression of adhesion genes such as fliC. 22 These studies highlight the potential use of cranberry PACs in the prevention of adherence in other species. A-type cranberry PACs have previously been reported to decrease C. albicans adherence to oral epithelial cells and to reduce biofilm formation and inflammatory responses in vitro. 23 In order to determine the activity of cranberry PACs against C. albicans urinary biofilms, we systematically assayed the effect of serially increasing doses of cranberry PACs on biofilm formation and mature biofilms in AU on both polystyrene and silicone surfaces. To study the degree of strain-specific variation upon treatment with cranberry PACs, we next studied the effect of cranberry PACs on biofilm formation by nine clinical isolates, including four C. albicans strains isolated from patients with candiduria. In addition, we tested cranberry PAC treatment in combination with traditional antifungals for activity against C. albicans biofilm formation in a chequerboard assay of antimicrobial combinations. To gain further insight into the mechanism of activity, we assayed C. albicans adherence to both polystyrene and silicone surfaces in response to cranberry PACs. Finally, we tested whether iron chelation could account for cranberry PAC activity against C. albicans biofilms.
Methods

Isolation of cranberry-derived PACs
Cranberry PACs were isolated from cranberry fruit (Vaccinium macrocarpon Ait.) using solid-phase chromatography as previously described. 18 Briefly, cranberry fruit was homogenized with 70% aqueous acetone, filtered and the pulp discarded. To remove acetone, the collected extract was concentrated under reduced pressure. The cranberry extract was suspended in water, applied to a pre-conditioned C-18 solid-phase chromatography column and washed with water to remove sugars, followed by acidified aqueous methanol to remove acids. The fats and waxes retained on the C-18 sorbent were discarded. The polyphenolic fraction containing anthocyanins, flavonol glycosides and PACs (confirmed using reverse-phase HPLC with diode array detection) was eluted with 100% methanol and dried under reduced pressure. This fraction was suspended in 50% EtOH and applied to a pre-conditioned Sephadex LH-20 column washed with 50% EtOH to remove low molecular weight anthocyanins and flavonol glycosides. PACs adsorbed to the LH-20 were eluted from the column with 70% aqueous acetone and monitored using diode array detection at 280 nm. The absence of absorption at 360 and 450 nm confirmed that anthocyanins and flavonol glycosides were removed. Acetone was removed under reduced pressure and the resulting purified PAC extract freeze-dried. The presence of A-type linkages and concentration of PACs present in the extract were confirmed using electrospray mass spectrometry, 13 C-NMR, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and acid-catalysed degradation with phloroglucinol. 18, 24, 25 Assays for biofilm activity
For initial studies of the activity of cranberry PACs against mature biofilms and against biofilm formation (i.e. biofilm prevention), C. albicans SC5314 was used as a reference isolate (gift from W. Fonzi, Georgetown University, Washington DC, USA). 26 To characterize the degree of strain-specific variation, C. albicans ATCC 10231, ATCC 14053 and ATCC 24433 strains and two C. albicans fks1 mutant strains (strains 42379 and 53264) characterized by echinocandin resistance were also studied. 27, 28 Clinical urinary isolates of C. albicans were a gift from L. Massie (University of New Mexico and NM VA Healthcare System, Albuquerque, NM, USA). C. albicans biofilm formation in polystyrene 96-well microtitre plates and the XTT assay, used to determine the metabolic activity of the biofilms, were performed as described previously, 29 with slight modifications. Briefly, each strain was grown in yeast extract/peptone/dextrose ('YPD') broth with 0.008% uridine overnight (308C, 250 rpm). Cells were harvested via centrifugation, washed twice and resuspended in PBS. Cells were added to AU 6 to a starting density of 1.0×10 6 cells/mL. An aliquot of 100 mL of the cell suspension was then added to designated wells of microtitre plates. Cell-free AU was added to wells designated as negative controls. The plates were incubated at 378C for 24 h. The biofilms were then washed with PBS three times to remove non-adherent cells. Next, 100 mL of cranberry PACs serially diluted in AU to concentrations of 4-1024 mg/L was added to biofilm-containing wells. Drug-free AU was added to wells designated for positive and negative controls. The plates were then reincubated at 378C for 24 h. After treatment with cranberry PACs, all biofilms were again washed three times with PBS and the XTT assay was used to determine the metabolic activity of the biofilms. 29 The optical density (OD) at 490 nm was measured via spectrophotometry on a BioTek ELx808 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The antifungal activity of each cranberry PAC treatment was expressed as a percentage relative to the metabolic activity of the untreated control. Each experiment was performed in triplicate or quadruplicate. The metabolic activities of the treatment groups were compared with controls using one-or two-way analyses of variance and Tukey's multiplecomparison post-test. Differences were considered significant at P, 0.05. Statistical analyses were performed and graphs were produced using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) and Microsoft w Excel (Microsoft Corp., Redmond, WA, USA). The MIC was defined as the concentration of cranberry PAC or traditional antifungal agent needed to reduce the metabolic activity of the biofilms of the strain by 50% (MIC 50 ) and 80% (MIC 80 ).
To test biofilm formation in the presence of cranberry PACs, the protocol described above was followed, except that cells in AU were coincubated with cranberry PACs at concentrations of 4 -1024 mg/L. The plates were then incubated at 378C for 24 h to allow for biofilm formation. After 24 h, the medium was removed and biofilms were visualized via light microscopy before proceeding with the XTT assay.
Assays for biofilm activity on silicone discs
To model the effect of cranberry PACs on biofilms formed on silicone surfaces, medical grade silicone sheeting (Invotek International, Jacksonville, FL, USA) was washed in a mild detergent. Discs were cut to fit microtitre plate wells using a leather punch, autoclaved and transferred via sterile technique to microtitre plate wells. C. albicans SC5314 cells in AU were treated with cranberry PACs as described above for both biofilm formation and mature biofilms. The XTT assay was used to determine the metabolic activity of the biofilms. To test for synergistic activity between cranberry PACs and known antifungals against biofilm formation, we utilized a chequerboard assay. 30 C. albicans SC5314 cells in AU (at a final concentration of 1×10 6 cells/mL) were coincubated with various concentrations of antifungal drugs and various concentrations of cranberry PACs. The fluconazole concentrations tested were 16-1024 mg/L, in 2-fold dilutions. The amphotericin B concentrations tested were 0.015625-1 mg/L, in 2-fold dilutions. The caspofungin concentrations tested were 0.125-16 mg/L, in 2-fold dilutions. The cranberry PAC concentrations tested were 1-512 mg/L, in 2-fold dilutions. Antifungal drug dilutions were prepared according to CLSI guidelines. 31 The XTT assay was used to determine the metabolic activity of the biofilms and each combination was characterized as additive, synergistic or antagonistic, as described previously. 30 
Assessment of planktonic growth
The effect of cranberry PACs on C. albicans SC5314 growth in AU was also tested; cells from overnight cultures were diluted to an OD 600 of 0.05 in AU, with cranberry PACs added to concentrations of 0, 2, 4, 16, 64, 256 or 1024 mg/L. To control for cranberry PAC absorbance at OD 600 , AU containing 0, 2, 4, 16, 64, 256 or 1024 mg/L cranberry PACs was used as a negative control. An aliquot of 150 mL of cells was added to 96-well plates (four replicates per treatment). Then, cells were grown at 308C using a BioTek Synergy H1M with double orbital shaking at fast speed and 2 mm frequency, with OD 600 readings taken at 15 min intervals. OD 600 readings were calculated as the OD 600 readings of AU with cranberry PACs and cells minus the OD 600 readings of AU with cranberry PACs alone.
Effects of PACs on planktonic adherence
We tested C. albicans SC5314 adherence to polystyrene as previously described, with some modifications. 32 First, planktonic cells from overnight cultures were harvested via centrifugation, washed twice and resuspended in PBS. Cells were inoculated in PBS containing 0, 4, 16, 64, 256 or 1024 mg/L cranberry PACs to a concentration of 1×10 7 cells/mL. Next, 150 mL of each solution was added to a 96-well plate (eight replicates per treatment) and, as an unwashed control, 150 mL of each solution was added to 1.5 mL microcentrifuge tubes. Both the microcentrifuge tubes and the 96-well plate were incubated at 378C for 2 h. Then, spent medium was aspirated from the 96-well plate and adherent cells were washed twice with PBS. Cells in microcentrifuge tubes were spun down at 13000 rpm for 10 min and spent medium was aspirated. An aliquot of 100 mL of 300 mg/L XTT/ 0.2 mM menadione was added to the 96-well plate, as well as the microcentrifuge tubes, and both were incubated at 378C. After 3 h, 75 mL of each treatment was transferred to a new 96-well plate and XTT formazan was measured at OD 490 . The percentage adherence was calculated as the mean of absorbance readings from washed wells over the mean of absorbance readings from unwashed microcentrifuge controls. To model the effect of cranberry PACs on adherence on silicone surfaces, the protocol described above was used to cut silicone discs to size and to transfer them via sterile technique to a 96-well plate, and the adherence assay was performed as described.
Effect of iron supplementation on PAC activity against biofilms
We also tested whether the supplementation of AU with 1 mM various concentrations of cranberry PACs, with or without the addition of 1 mM FeCl 3 . After incubation at 378C for 24 h, the XTT assay was used to measure the metabolic activity of the biofilms. Statistical significance was assessed by comparing the metabolic activities of biofilms treated with cranberry PACs alone versus biofilms treated with cranberry PACs +1 mM FeCl 3 .
Results
To test the ability of cranberry PACs to prevent C. albicans biofilm formation in an in vitro model of urinary biofilms, cranberry PACs were coincubated with C. albicans cells in AU. Cranberry PACs significantly decreased C. albicans SC5314 biofilm formation on polystyrene at concentrations as low as 8 mg/L (Figure 1a) . Notably, at a concentration of 128 mg/L, which is comparable to the concentration of cranberry PACs previously reported in commercially available cranberry juice, 21 C. albicans biofilm formation was decreased by 89.3%. The MIC 50 of cranberry PACs was 16 mg/L and the MIC 80 was 64 mg/L. Similarly, cranberry PACs significantly decreased C. albicans SC5314 biofilm formation on silicone (Figure 1b) . The MIC 50 of cranberry PACs against biofilm formation on silicone discs was 32 mg/L and the MIC 80 was 512 mg/L. Light microscopy of biofilms on polystyrene coincubated with cranberry PACs revealed that cells were still forming hyphae even in the presence of high concentrations of cranberry PACs (Figure 2 ). Despite this, biofilms coincubated with cranberry PACs were less dense than controls. We also tested cranberry PAC activity against pre-formed, or mature, biofilms. Treatment of pre-formed biofilms with cranberry PAC concentrations from 4 to 128 mg/L had no statistically significant effect on biofilms on either polystyrene or silicone (data not shown). However, even high doses of cranberry PACs (256 -1024 mg/L) only modestly decreased the metabolic activity of pre-formed biofilms (16.6% -23.2% decrease on polystyrene and 25.3% -49.1% decrease on silicone; data not shown). Finally, we tested the effect of cranberry PAC concentrations from 2 to 1024 mg/L on C. albicans SC5314 planktonic growth. Of note, concentrations of 8 -128 mg/L cranberry PACs, which significantly reduce biofilm formation, did not have a statistically significant effect on growth (Table 1) . Only very high concentrations of cranberry PACs (256-1024 mg/L) had a dose-dependent inhibitory effect on the doubling time of C. albicans cells (Table 1) , thus suggesting a biofilm formation-specific inhibitory effect. Cranberry PACs prevent Candida albicans urinary biofilms 431 
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The effect of cranberry PACs on C. albicans biofilm formation was highly strain dependent ( Table 2 ). Concentrations of ≥16 mg/L demonstrated a significant reduction in metabolic activity for most isolates tested (data not shown). The exceptions were C. albicans urinary isolates 6 and 8, which demonstrated a paradoxical effect such that high doses (256-1024 mg/L) had no significant effect on metabolic activity despite a statistically significant reduction in metabolic activity at moderate doses (16-128 mg/L) (data not shown). A strain-and drug-dependent paradoxical effect has previously been noted upon treatment of various Candida species with echinocandins. 33 -35 Notably, the MIC 80 for all four urinary isolates and for one of two caspofungin-resistant fks1 mutants, 42379, was appreciably elevated compared with other strains (.1024 mg/L).
The combination of cranberry PACs with fluconazole, amphotericin B and caspofungin against biofilm formation had an additive, but not synergistic, effect (data not shown).
Cranberry PACs significantly reduced C. albicans adherence to both polystyrene and silicone in an in vitro model of planktonic adherence ( Figure 3) . Concentrations of 16 -1024 mg/L cranberry PACs caused a statistically significant reduction of C. albicans adherence to polystyrene (Figure 3a) . However, C. albicans SC5314 adherence to silicone is reduced compared with polystyrene and higher concentrations of cranberry PACs (256-1024 mg/L) were required to achieve a statistically significant effect on adherence to silicone (Figure 3b) .
Cranberry PACs have previously been shown to chelate iron, thus removing available iron from the environment. 22, 36 Therefore, to test whether supplementing the medium with iron could compensate for the inhibitory effect of cranberry PACs on C. albicans biofilm formation, we coincubated C. albicans SC5314 with 2 -1024 mg/L cranberry PACs in the presence and absence of 1 mM FeCl 3 ( Figure 4 ). The addition of iron to the medium significantly increased both the MIC 50 and MIC 80 of cranberry PACs from 16 and 128 mg/L, respectively, to 256 and 1024 mg/L, respectively. Iron addition to medium without cranberry PACs did not affect biofilm growth. Thus, iron supplementation partially rescued the inhibitory effect of cranberry PACs on C. albicans biofilms in our in vitro urinary candidiasis model.
Discussion
Candiduria is a frequent occurrence among hospitalized patients, particularly immunocompromised patients, the elderly and neonates.
Of note, patients with indwelling urinary catheters are more likely to develop candiduria. Cranberry juice, cranberry extracts and cranberry-derived PACs are an appealing alternative strategy for the prevention of candiduria due to their low cost, low toxicity and high tolerability. 16, 37 Cranberry products have been the subject of numerous clinical trials involving varied patient populations for the prevention of bacterial urinary tract infections, as well as other conditions; these studies reported either no adverse events or minor adverse events such as headache or gastrointestinal upset at similar levels to placebo treatments. 37 -48 These clinical trials administered doses ranging from 46 to 960 mL of cranberry product per day, which contained 0.8-114 mg of PACs per day (where PAC values were not directly provided by study authors, we estimated PAC values based on previous analyses of cranberry products). 21 These analyses indicate that doses of cranberry PACs as high as 114 mg/day are safe for consumption. However, further study on the concentration of PACs available in the urinary tract is needed to determine whether concentrations with activity are achievable in vivo.
Biofilm formation is a key pathogenesis-related trait and its prevention in vivo could decrease the incidence of candiduria. Furthermore, ideal drug treatments target pathogenesis without affecting growth, as growth inhibition typically induces strong selection for drug resistance. Our study demonstrated that PACs isolated from cranberries have strong activity against the formation of C. albicans biofilms in an in vitro model of urinary biofilms. Further, cranberry PACs retain their antibiofilm activity on silicone surfaces, suggesting that cranberry PAC treatment could be effective in preventing urinary catheter infections due to C. albicans. It should also be noted that there are few, if any, instances where antifungal prophylaxis to prevent candiduria and Candida urinary tract infections is justifiable. Echinocandins do not achieve clinically reliable urinary concentrations; amphotericin preparations can be highly nephrotoxic amongst other potentially serious toxicities. Azoles might be useful as prophylaxis, but the risk of selection of resistant yeast species would not appear to outweigh the potential benefits of prevention. Thus, cranberry PACs could represent a novel and safe option for the prevention of candiduria and Candida urinary tract infections.
Importantly, whereas high doses of cranberry PACs (256 -1024 mg/L) in this study had a statistically significant effect on planktonic growth, doses with no effect on growth exhibited a significant reduction in biofilm formation. Moreover, even at the highest doses tested, cranberry PACs had minimal activity against pre-formed or 'mature' biofilms. Therefore, decreased growth cannot account for the effect of moderate doses of cranberry PACs on C. albicans biofilm formation, further supporting the potential of cranberry PACs as a prevention strategy through anti-adherence and biofilm-specific mechanisms. The antifungal effect of cranberry juice and cranberry extract on C. albicans has been studied previously. The majority of studies found no significant effect of cranberry and its derivatives on C. albicans growth, 49 -53 while a single study found decreased C. albicans growth after treatment with cranberry. 54 These results are in accordance with our data. However, because these studies used various crude cranberry products rather than purified cranberry PACs, direct comparison between studies is difficult. Taken together, however, these data suggest that cranberry PACs prevent Candida urinary biofilm formation through mechanisms other than direct antifungal activity. Rane et al.
Cranberry PAC activity against E. coli is thought to be at least partially due to its anti-adherence properties. In this study, we demonstrated that cranberry PACs prevent C. albicans adherence to both polystyrene and silicone. Previous studies have demonstrated that the effect of cranberry PACs on adherence is both biospecific for E. coli and non-biospecific; it is unclear what mechanisms are primarily responsible for the anti-adherence properties of cranberry PACs against C. albicans cells. Further studies in our laboratory Cranberry PACs prevent Candida albicans urinary biofilms 433 JAC to address this question are in progress. Urine collected from patients treated with cranberry PAC doses as low as 36 mg/day displays E. coli anti-adherence activity. 21 Notably, the concentration at which anti-adherence activity is first detectable in vitro is similar for C. albicans and E. coli (16 mg/L cranberry PACs for C. albicans in our study versus 10 mg/L cranberry PACs for E. coli). 55 Further studies assessing local tissue concentrations of cranberry PACs in the urinary tract are required to determine whether clinically relevant urinary concentrations of cranberry PACs are achievable in vivo.
Cranberry PACs have been shown to form a chelate with iron, thereby removing available iron from the environment. We demonstrated that supplementation of medium with iron partially rescues the reduction in biofilm formation upon treatment with cranberry PACs. This result suggests that the effect of cranberry PACs on C. albicans biofilm formation may be partially explained by iron starvation due to the iron-chelating ability of cranberry PACs; further studies are required to test this hypothesis. We observed high tolerance for cranberry PACs in C. albicans strains isolated from patients presenting with candiduria compared with wild-type C. albicans. One intriguing possible explanation for this observation is that if cranberry PAC activity is due to iron chelation, these isolates may have undergone selection for the ability to tolerate the low-iron environment of the host and, therefore, are less susceptible to iron starvation than the laboratory strain SC5314. Alternatively, urinary isolates may undergo high levels of exposure to cranberry PACs and/or PACs derived from other foods and this selective pressure may explain their higher tolerance for cranberry PACs.
It is important to note that the effect of cranberry PACs on C. albicans clinical isolates may differ in vivo, as cranberry and cranberry PACs have previously been shown to suppress the host inflammatory response. 23,56 -59 For example, a previous study showed that treatment with cranberry PACs lowered C. albicans cell surface hydrophobicity and decreased the production of proinflammatory cytokines by oral epithelial cells infected with C. albicans. 23 These results and the results of our study demonstrate that cranberry PACs have a complex, multifactorial effect on C. albicans, further underscoring the potential of cranberry PACs and cranberry products as a novel strategy for the prevention of Candida urinary infections. Our current efforts are now focused on determining the molecular mechanisms related to the antibiofilm activity of cranberry PACs and, next, to initiate in vivo studies of cranberry PAC activity against C. albicans. 
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